dc arc optical emission spectroscopy was investigated as a quantitative method for measuring compositions of thin films commonly used in fabricating semiconductor devices. Thin films studied were nickel-chromium, phosphorus-silicon dioxide, and silicon-aluminum. Film samples were obtained by direct deposition onto ordinary graphite electrodes mounted in vacuum deposition chambers.
INTRODUCTION
Quantitative analysis of the thin films used in fabricating integrated circuits can present unique analytical problems since the "bulk" composition of films anywhere from several microns to less than 100 A in thickness must be measured.
Thin films may be analyzed by suitable modification of classical wet methods and colorimetry,'-3 and by wet/ instrumental methods including flame and furnace atomic absorption. ~ Obtaining sufficient sample is frequently a limiting factor in these methods. Sample preparation often requires dissolution from multiple substrates of glass or silicon, whose edge-brittleness leads to inaccuracies through weighing anomalies. The actual analysis can be complicated by interfering species or matrix effects. Electron beam methods are a growing thin film analysis tool. 7-'2 However, proper standards are not always available for films of some compositions. Also, it must generally be assumed that sample films are homogeneous. Computer data treatment is necessary to compensate for matrix effects and the statistics of the excitation and counting process.
X-ray fluorescence is perhaps the most widely-used thin film analysis method and is well-documented. 7-~" ,2-1.~ In this study optical emission spectroscopy (OES) has been applied to the quantitative determination of the '~bulk" composition of three thin film systems: nickelchromium, phosphosilicate glass, and silicon-aluminum. Samples of these films were deposited directly onto the tips of ordinary spectrographic electrodes appropriately situated in thin film vacuum evaporators. Electrodes were then placed directly in the spectrograph for excitation, eliminating any weighing or chemical pretreatment of samples. Quantitative densitometry of the photographically recorded data, utilizing selected atomic lines, yielded film composition when compared to OES data similarly gathered from properly prepared electrode standards. Significantly, the mass of material deposited on the sample electrodes was as little as 15 /zg, considerably less than the amount of sample considered typical for emission analysis. This places the technique in the realm of trace analysis, even though the "bulk" composition of the film is being measured. Accordingly, continuous dc arc excitation was the spectrographic method used here, as it offers the greatest sensitivity for trace metals. '6, ,70ES has been applied to thin film analysis by pre-concentration of dissolved samples or by peeling films from substrates. 's, ,9 Dielman et al. 2° have used OES for analysis of trace contaminants in thin gallium selenide films. The method reported here provides simple direct quantitative determination of the chromium content of nickel-chromium films, phosphorus content in phosphosilicate glass, and silicon content of silicon-aluminum films.
I. EXPERIMENTAL
A. Apparatus. An Applied Research Laboratories 2-m emission spectrograph, Rowland mount, was used in this study. Dispersion was 5.2 A/mm using a 24 400 line/in, grating. Optical range was 220 to 360 nm, first order. An Applied Research Laboratories model 2255 scanning comparator densitometer was used for all line density readings.
B. Reagents. Deionized water was used throughout. Materials used were: chromium stock solution: J. T. Baker K2Cr2OT, reagent grade; nickel stock solution: Alfa Inorganics, 99.999% nickel metal; phosphorus stock solution: J. T. Baker (NH4)2HPO4, reagent grade; silicon stock solution: J. T. Baker Na2SiO4, reagent grade; silicon powder: Spex Industries, 99.999% Si; aluminum powder: Spex Industries, 99.999% A1; and nitric acid: J. T. Baker, electronic grade. All of the materials used for standards preparation were tested by OES and certified to be free of analytically significant amounts of elements under test.
C. Sample Preparation. Samples of thin films to be analyzed were deposited on National L3960, 1/4 in. diameter electrodes. These were clamped into a stainless steel collar so that only the electrode tip above its slot was exposed for film deposition. This assembly fit conveniently into one position of the silicon wafer processing holders inside production vacuum deposition equipment. Films were deposited on the exposed electrode tips with the same composition and approximately the same mass as on adjacent wafers. For some applications, silicon-aluminum was deposited by sputtering in apparatus which could not accommodate electrodes. In this instance graphite discs 0.5 in. in diameter and 1/16 in. thick, sliced from National graphite rods, were used to collect deposited film.
D. Preparation of Standards. 1. Nickel-Chromium. A chromium stock solution was prepared by dissolving K2Cr20~ in deionized water. A stock solution of nickel was prepared by dissolving the 5-nines metal in warm nitric acid. A series of working standard solutions was prepared by appropriate dilution of aliquots of the stock solution with deionized water. The final set of working standards was obtained by mixing measured volumes of Ni and Cr standards such that Cr varied from 20 to 80 wt % while nickel varied inversely in a seven-solution series. Each standard was prepared to contain a total mass of Ni plus Cr equal to 15 ftg/ml.
Electrodes for calibration curves were prepared by evaporation of 1.00 ml aliquots of each standard in this series, applied dropwise via pipet to individual National L3960 electrodes. Electrodes were held upright in a graphite block i in. thick and drilled to accept the 1/4 in. diameter electrodes. The block was placed on a hot plate maintained at 150°C during the dropwise addition of standard solution. Under these conditions, solvent evaporated quickly without spattering and left a uniform deposit on the electrode tip. These electrodes contained 15 t~g of metal (excluding K), approximately equal to the amount of metal deposited on an electrode tip by the thin film evaporation process. For each calibration run, electrodes were prepared in triplicate for each of the seven nickel-chromium solutions in the standard series.
2. Phosphosilicate Glass. Stock solutions of phosphorus and silicon were prepared by dissolving weighed portions of (NH4)2HPO4 and Na2Si207 in deionized water. A series of working standard solutions was prepared by diluting aliquots of the stock solutions with deionized water. As for nickel-chromium, each milliliter of these standards contained the approximate mass of P plus Si deposited by the thin film equipment. In this method, phosphorus is an "additive' to the deposited SiO2, hence Si will serve as the internal reference standard and is kept at a constant mass for all the standards. Evaporation of standard solutions was performed in the same manner as for nickel-chromium. The hot plate temperature was lowered to 120°C to avoid spattering. Electrodes were prepared in triplicate for each standard in a calibration run.
3. Silicon-Aluminum. Appropriate amounts of the 5-nines powders were weighed into vials and mixed on a Wig-L-Bug for 30 s each. Three-tenths ± 0.05 mg of each standard was weighed into National electrodes. Electrodes were prepared in triplicate for each standard in a calibration run.
E. Excitation Conditions. Sample and standard electrodes alike were burned to achieve complete consumption of their film coatings, using National L 3921 counter electrodes. Analytical gap was preset at 3 ram. Maintaining the gap is of little concern due to short burn time. Excitation was by 15 A direct current, using a slit width of 20/.t. No light reduction filters were used. As total sample consumption occurs, a film background of 85 to 95% is produced. Perceptible background ensures total sample consumption. 17 F. Analytical Line Selection. 1. Nickel-Chromium. While there are abundant atomic lines of Ni and Cr in the 220 to 360 nm range, only the most sensitive arc lines are usable due to the small sample size. Excitation of the standards allowed identification of lines whose intensities varied predictably as the known Ni and Cr concentrations. The line pair 301.76 Cr/300.36 Ni was chosen based on the reproducibility of intensity values, calibration curve linearity, and their close proximity which minimized film background effects during densitometrry.
2. Phosphosilicate Glass. The sensitivity for P in the uv region is low and the number of lines is few. The line selected for P was the most sensitive, at 253.56 nm. Utilizing a convenient adjacent Si line, the chosen analytical line pair was 253.56 P/253.24 Si.
3. Silicon-Aluminum. The line pair 298.76 Si/305.99 A1 was chosen with the same considerations as described above.
G. Analysis Check Methods. 1. Nickel.Chromium. Atomic absorption spectroscopy was employed to obtain a comparative analysis of some of the OES samples. In certain depositions, 3/4 by 1 in. glass slides were placed adjacent to electrodes for the simultaneous collection of film sample. Ten such slides from each deposition were Not performed " Duplicate sample; two electrodes placed side-by-side in deposition chamber. b Quadruplicate sample; four electrodes placed side-by-side in deposition chamber.
taken on standard glasses of known thickness and phosphorus composition. The counts were normalized to a standard thickness and a standard curve was drawn. This curve then yielded phosphorus compositions from the normalized count data of film samples also analyzed by OES.
II. RESULTS AND DISCUSSION
A. Quantitative Aspects of OES Data Treatment.
1. Nickel-Chromium. In this two-element system, the components vary inversely. For quantitation, Cr was chosen as the "analyte" whose concentration would be measured and reported, and Ni as an ~internal standaM." Hence,
INi (300.36) = FNi (Cc~, CNi) 
In continuous dc arc excitation, the absolute line intensities vary from one sample to the next because of instabilities in the arc discharge. Thus, the absolute t .60
weighed, the deposited film was dissolved in 0.01 M CeSO4 solution (prepared in 3 M nitric acid), and the substrate slides were dried and weighed. A working curve for Cr was prepared from the stock solutions used ~ 100 for OES standards, and acidities were adjusted to match ~ that of the standards. Atomic absorption spectrometry results for Cr, as reported in Table II , were obtained on ~ 80 a Jarrell-Ash 82-500 spectrophotometer using a Cr hollow cathode lamp tuned to 357.9 nm.
Silicon-Aluminum.
A rapid gravimetric method taking advantage of the selective solubility of alumi-.~o num in hydrochloric acid was used. Silicon wafers adjacent to sample electrodes served as sample film substrates. Wafers with film were weighed to the near-,8 est microgram, then placed in hot hydrochloric acid until all aluminum was dissolved. Silicon was collected by filtering the acid through paired matched-weight 2c filter membranes (Millipore AAWP0470M). The wafers were re-weighed, swabbed to remove any adhering silicon, dried, and again re-weighed. The gravimetric information yields silicon content of the sample films. where the quantity (100 -Ccr)Ni represents the balance of film composition in addition to Cr. Thus, Ccr can be plotted as a function of the intensity ratio I c~ (301.76)/I N~ (300.36) to yield a working standard curve for determining the Cr content using the inversely varying Ni content as an "internal standard." Film compositions are simply reported as percent chromium, with nickel taken to be the balance.
Silicon-Aluminum and Phosphosilicate
Glass. These are considered to be monovariant systems, wherein aluminum and silicon serve, respectively, as internal standards occurring in large excess when compared to the analyte elements. Regular internal standard methods of quantitation were used for these films. 17 B. OES Data for Nickel-Chromium. Four runs of standard electrodes prepared in triplicate yielded the I Cr (301.76)/I Ni (300.36) intensity ratio values given in Table  I .
Note that standard deviation increases as the Ni/Cr the fact that as one element in the binary composition increases, the other decreases proportionately. For example, as Ni approaches lower percentages, the analytical line at 300.36 nm becomes lighter and its percent transmission shifts the intensity ratio determination toward the nonlinear portion of the emulsion calibration curve. The standard deviation increases as does the error potential. The same effect is seen as Cr approaches ,.,0 lower concentrations. The error in the analysis method is, therefore, greatest at very high or very low Cr compositions in the sample films.
Standard solutions prepared from K2Cr~O7 yielded ,.so the most reproducible intensity values. The standards were originally prepared from mixtures of Cr and Ni powders, but the resulting intensities were much more ,.30 scattered. This was apparently due to the difficulty of obtaining a homogeneous mix of Cr, Ni, and graphite • powders in a cupped electrode. Also, the arc discharges
1.10
of the dichromate standards are presumably stabilized by the buffering action of potassium.17 Similar stability was realized for the electrodes coated with sample film due to urfform coating of the electrode surface. This is ~ ~° evident from the results on duplicate and quadruplicate samples in Table II . Fig. 1 is the calibration curve derived by plotting ,0 average values of I cr/I Nl VS the respective C cr. This is the working curve for analysis of samples. The curve is valid as long as the roll of film in the spectrograph remains unchanged. Sample electrodes can be analyzed .5o .( day after day until the "calibrated" film roll is consumed. Because of the possibility of slight changes in the film emulsions, fresh film rolls are calibrated by 30 analysis of the 30, 50, and 70% Cr standards. The emulsions of Kodak film have proved to be quite stable, and the slope of the curve has not changed appreciably OES values for Cr obtained in the first sample suggest that the AAS result may be in error, the potentials for which were previously discussed. Fig. 2 is the correlation plot of OES vs AAS values. C. OES Data for Phosphosilicate Glass. Intensity ratio values from three sets of P-Si standard electrodes are given in Table III . The least-squares calibration curve derived from these data is given in Fig. 3 . Table  IV summarizes OES results on samples and the correlation results obtained by electron microprobe plus one colorimetric analysis. Here, the "calculated" P values are based on flow rates of reactant gases into the deposition chamber and are the ~%arget" concentration of P for the film deposition. Fig. 4 is the correlation plot of OES vs microprobe values. Typical relative errors are in the range of 4 to 8% of the amount present.
D. OES Data for Silicon-Aluminum Films. Intensity ratios for four sets of Si in aluminum standards are summarized in Table V , and Fig. 5 is the calibration curve. Table VI presents both OES and gravimetric results.
In the first group of four depositions, films were deposited on 1/4 in. electrodes, as were the standard powder mixtures. Results are in good agreement with the gravimetric method. Note good internal consistency in the second two where two electrodes were simultaneously coated. Note also (footnote b, Table VI) that the target film composition was not achieved.
In the second group of four depositions, samples were deposited onto 1/4 in. electrodes placed alongside 1/2 in. diameter flat carbon disks sliced from rods. The metal from these disks was subsequently scraped into 1/s in. electrodes for OES analysis. The scraping was done with due care, but no special effort was made to transfer the entire amount of film sample from disk to 1/s in. electrode. In fact, some material is lost during the transfer. Note that analytical results for the material transferred to the smaller electrode are comparable to results for films deposited directly onto 1/4 in. electrodes, which is the size electrode containing the standards. From this it is apparent that electrode size is not critical to the outcome of the analysis. Even more significant is the fact that material can be nonquantitatively transferred from one type of collection medium to another medium for excitation without endangering the accuracy of the final result. This is important because some films are deposited in equipment whose reaction zone above wafers from which silicon-aluminum is deposited is only a few millimeters high. There is not sufficient clearance for regular electrodes, but the thin 1/2 in. disks are accommodated nicely.
The OES method proved advantageous because the gravimetric method is tedious and lengthy, but it in turn was necessary because in order to measure the silicon content of these films by atomic absorption, sample films would require a two-step dissolution with hydrochloric acid followed by hydrofluoric acid. Since the films are necessarily deposited on silicon substrates, that method is precluded.
For all the methods discussed above, the use of bulk graphite electrode rods or disks proved entirely compatible with conditions of low contamination and low outgassing required in critical high-vacuum and high throughput deposition equipment. 24 Pumpdown times to reach working vacuum levels were not significantly lengthened. Electrodes can be conveniently included directly with silicon wafers in production runs, and the actual film composition of the run can be determined for quality control purposes shortly thereafter.
III. CONCLUSION
The applicability of optical emission spectroscopy to direct quantitative analysis of thin films has been demonstrated for three binary systems of widely differing composition. The methods can easily be extended to films of other compositions and this work continues in our laboratory. The feasibility of direct deposition of films onto graphite electrodes is shown, a significant feature which eliminates troublesome sample preparation procedures.
The OES technique has been successfully applied to the rapid analysis of thin films deposited by thermal vacuum evaporation, ion sputtering, and chemical vapor deposition. Other film deposition methods, such as electroplating, could easily be monitored by modification of these techniques.
The OES procedures described here provide accurate analyses of representative samples obtained without disruption of production schedules. The methods are well-suited to high volume, routine process control analysis and are in regular use for quality control of thin film manufacturing.
INTRODUCTION
Molecular spectroscopy of gases has been one of the principal methods of investigating polyatomic molecular structure. However, the spectra obtained at temperatures high enough to produce an appreciable vapor pressure are often complex due to overlapping of vibrational-rotational lines of excited states. Reduction of the population of excited states by supercooling of the vapor" 2 has a definite advantage over the conventional techniques and greatly simplifies the interpretation of the experimental spectra in terms of parameters describing the ground vibrational manifold of the molecule.
Since the early pioneering investigation by Green and Milne, 3 the spectroscopy of supercooled vapors in supersonic molecular beams has been discussed by Received 20 December 1977. Kataev and Mal'tsev. 4 Also, Smalley et al. ~ combined this technique with laser spectroscopy in a high resolution study of the NO2 fluorescence excitation spectrum.
The v3 of SF6 near 10.6 pm has been studied extensively in this laboratory and elsewhere. Its complex vibration-rotational spectrum has been studied both theoretically G and experimentally. 7 In particular, the extremely high resolution studies done by diode laser spectroscopy revealed hitherto unknown details in the vibration-rotational fine structure. These studies provided an unusual opportunity for further development of the theory of vibrational and rotational energy states of the SF6 molecule.
This report will describe low resolution infrared spectroscopy in supersonic molecular beams and present an analysis of the observed SF6 ~ 3 band contour.
I. EXPERIMENTAL
The experimental method is based on the expansion of gas through a supersonic nozzle. The basic experimental setup is schematically shown in Fig. 1 . It consists of a gas supply tank, an expansion nozzle, a test and diffuser section and a blowdown tank with a sufficiently large volume to ensure a uniform flow condition in the test section during the spectral scan.
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